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Closely arranged CdSe and Zn doped CdSe vertical nanorod bundles were grown directly on FTO coated glass by using 
electrodeposition method. Structural analysis by XRD showed the hexagonal phase without any precipitates related to 
Zn. FE-SEM image showed end capped vertically aligned nanorods arranged closely. From the UV-vis transmittance 
spectra, band gap energy was found to vary between 1.94 and 1.98 eV due to the incorporation of Zn. Solar cell paramet-
ers were obtained by assembling photoelectrochemical cells using CdSe and CdSe:Zn photoanodes, Pt cathode and 
polysulfide (1M Na2S + 1M S + 1M NaOH) electrolyte. The efficiency was found to increase from 0.16 to 0.22 upon Zn 
doping. Electrochemical impedance spectra (EIS) indicate that the charge-transfer resistance on the FTO/CdSe/polysul-
fide interface was greater than on FTO/CdSe:Zn/polysulfide. Cyclic voltammetry results also indicate that the FTO/ 
CdSe:Zn/polysulfide showed higher activity towards polysulfide redox reaction than that of FTO/CdSe/polysulfide.
Key Words: CdSe & CdSe:Zn nanorod bundled film, Electrodeposition, Photoelectrochemical cell study, Elec-
trochemical impedance & voltammetric studies
Introduction
One dimensional nanostructure semiconductors have attract-
ed widespread attention because of their special structure, opti-
cal, and electronic transport properties arising from the quantum 
confinement of electrons.1-3 They show size dependent struc-
tural, morphological, optical and electrical properties, which 
make them potential candidates for different applications such 
as solar cells, light emitting diodes and field emitters.4-6 These 
days, research on dye sensitized solar cells with semiconductor 
sensitizers and dual sensitizers are getting special attention for 
the next generation photovoltaic devices owing to its low cost 
and simple fabrication procedure.7-9 Cadmium chalcogenide 
based one dimensional nano rods are very promising materials 
for the fabrication of photoelectrochemical cells in order to 
make use it as semiconductor sensitizer or else in dual sensitized 
cells.8,9 Upon illumination, electrons are injected from the con-
duction band of the photoexcitated semiconductor (inorganic 
sensitizer) into FTO, while holes shuttle toward the Pt cathode 
through a polysulfide redox electrolyte. Hence the synthesis of 
semiconducting nanostructures and studying its photocurrent 
using PEC sandwich structure is essential. The research on CdSe 
and Zn doped CdSe nanostructures are getting attention due to 
its direct optical band gap.10-12 Doping by Zn can tune the band 
gap of CdSe and which can vary its optical response and it favor 
the photocurrent conversion efficiency.13 Among various nano-
structures, the growth of vertically aligned one dimensional 
nanorods/nanowires is one of the major challenges. As far as 
this, several kinds of techniques have been utilized to fabricate 
nanoscale materials, such as molecular beam epitaxy,14 sputter-
ing,15 chemical vapor deposition,16 spray pyrolysis,17 pulsed la-
ser deposition,18 anodic alumina oxide (AAO) template,19 catho-
dic electrodeposition20 and aqueous solution deposition met-
hods.21 Among various methods, electrodeposition technique 
is emerged as a competitive technique for the fabrication of 
nanostructured semiconducting films. Significant advantages 
of this method are controllable size, morphology, composition, 
low temperature growth, cost-effectiveness, and less complicat-
ed. In the present work, we report the growth, structure, com-
position, morphology and optical properties of vertically aligned 
CdSe and Zn doped CdSe nanorod bundles grown directly on 
FTO coated glass. Also, we studied the photoelectrochemical 
and electrochemical properties of PECs based on CdSe and Zn 
doped CdSe photoanodes in the sandwich form.
Experimental Details
Preparation of CdSe and Zn doped CdSe nanorod array fillms. 
CdSe and Zn doped CdSe films were electrodeposited onto FTO 
film coated glass substrate at 26 oC by using an aqueous bath. 
Cadmium acetate [Cd(CH3COO)2], zinc acetate [Zn(CH3COO)2] 
and selenium dioxide (SeO2) were used as sources of Cd, Zn 
and Se, respectively. The solution contained 47 mM cadmium 
acetate, 3 mM zinc acetate and 50 mM selenium dioxide for 
the preparation of Zn doped CdSe. Similarly, 50 mM Cd and 
50 mM of Se sources were mixed for the preparation of CdSe. 
Chronopotentiometric technique with constant current density 
having three-electrode system viz. working, counter, and refer-
ence were used with computer based potentiostat (Auto lab, P/G- 
Stat 100). Well cleaned working FTO coated glass, Pt counter 
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Figure 1. X-ray diffraction patterns of (a) CdSe and (b) Zn doped CdSe
films grown on FTO coated glass.
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Figure 2. FE-SEM images of CdSe film in (a) plane and (b) cross 
sectional view and Zn doped CdSe film in (c) plane and (d) cross sec-
tional view.
and Ag/AgCl reference electrodes were used. A constant current 
density of ‒2 mA/cm2 was applied for 2000 seconds between 
the working FTO and Pt counter electrodes in the presence of 
Ag/AgCl reference electrode.
In the case of counter electrode Pt, 41 mg of chloroplatinic 
acid hydrate (H2PtCl6) (99.9%, Aldrich) was dissolved in a sol-
vent of 2 mL 2-propanol. The 10 µL solution was dropped over 
FTO substrate and then kept at 400 oC for 30 minutes in order to 
get Pt film.
Characterization. Structure of the grown films was done by 
using powdered X-ray diffraction technique (XRD - Rigaku, 
D/MAX 2500H) using a Cu Kα source radiation. The diffracto-
meter was operated in the step scan mode with a step of 0.02 
and in the 2θ range of 20o - 70o. The elemental composition was 
determined by using an energy dispersive x-ray analysis (EDS) 
attached to the field emission-scanning electron microscope 
(JEOL, JSM-6300). The cross sectional view was performed by 
using FE-SEM. The optical transmittance spectra were obtained 
within the spectral range of 300 - 1000 nm using a UV-vis-spec-
trophotometer (HP-8453) at room temperature. 
Photoelectrochemical cell (PEC) fabrication and efficiency 
measurement. The as-deposited CdSe and Zn doped CdSe films 
were used as photoanode and the solution cast Pt was used as 
cathode. PEC cell measurements were done for the sandwich 
of FTO/CdSe/Pt/FTO and FTO/CdSe:Zn/Pt/FTO. The semicon-
ducting photo anodes (FTO coated CdSe and CdSe:Zn) and their 
respective metal cathodes (Pt/FTO) were bringing together in 
contact by means of a bynel thermoplastic film and subsequent 
heat treatment at 125 oC for 5 minutes. This provides a sandwich 
structure and it prevents electrolyte leakage. Internal space bet-
ween the semiconducting photoanodes and metal cathode was 
filled with 1 M of polysulfide liquid electrolyte by means of 
capillary action through the holes drilled over the cathode side. 
After the injection, the holes were sealed by soldering with a thin 
cover glass. The active area of the cell was 9 mm2. The solar cell 
parameters were measured by using Spectral Energy, US/Solar 
Light source Simulator. The intensity of light was 100 mW/cm2. 
The current-voltage curves and the solar cell parameters were 
obtained by using Solartron, GB/1285A, Potentiostat. Electro-
chemical impedance and cyclic voltammogram profiles were 
also recorded for the PECs under dark. 
Results and Discussion
Structure and composition. X-ray diffraction patterns of as- 
deposited CdSe and Zn doped CdSe films grown on FTO coat-
ed glass in the 2θ scan range of 20o to 70o are shown in Fig. 1. 
Diffraction pattern of CdSe shows peaks at 2θ angles of 25.54o, 
26.35o, 38.28o and 51.38o along (100), (002), (100), (102) and 
(004) directions, respectively. This indicates the hexagonal 
crystal structure.22 Further, similar reflections such as (002), 
(100), (102) and (004) that characterize hexagonal structure 
are noticed for Zn doped CdSe. The diffraction peaks are not 
shifted in the Zn doped CdSe (relative to the undoped CdSe) 
presumably because of the rather low doping levels. Interesting-
ly, the as-obtained CdSe and Zn doped CdSe films shows good 
crystallinity without any Zn related secondary phases. However, 
a minute amorphous phase of CdSe and selenium precipitate 
are noticed at 42.23o and 47.9o, respectively. Microstructural 
parameters such as particle size (D), lattice constants (a, c), 
strain (ε) and dislocation density (δ) of CdSe and Zn doped CdSe 
films were evaluated by using Debye-Scherrer23-25 formula and 
the full-width at half maximum (FWHM) β of diffraction patt-
erns. Scherrer analyses of these XRD data shows a decrease in 
grain size from 39.56 to 32.94 nm upon Zn doping. Also the 
evaluated values of strain and dislocation density are tends to 
decrease from 120.6 × 10‒3 to 111.06 × 10‒3 lin‒2 m‒4 and from 
26.2 to 12.73 × 1015 lin m‒2 with Zn doping. This may be due to 
the improvement in the crystallinity of the film upon Zn doping. 
The calculated values of lattice parameters such as ‘a’ and ‘c’ 
are 0.402 Å and 0.676 Å, respectively. The calculated values of 
lattice spacing and lattice parameter show good agreement 
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Figure 3. Transmittance spectra of (a) CdSe and (b) Zn doped CdSe 
films. Inset shows the plot between (αhν)2 and hν. The obtained value 




                        0.00            0.01            0.02            0.03           0.04             0.05





















(b) Under illumination 
                              0.0                0.1                0.2               0.3                0.4


















Figure 4. J-V characteristics of ACdSe and BCdSe:Zn cells under (a) dark 
and (b) illumination.
with the standard card (JCPDS Card File No: 77-2307). 
The elemental analysis was done by using EDS spectra atta-
ched to FE-SEM. The estimated values of relative atomic per-
centage of Cd, Se and Zn elements in CdSe and Zn doped CdSe 
films were 52.03:47.97 and 50.38:47.00:2.62, respectively. 
The composition analysis showed Se deficiency in the prepared 
films.   
SEM analysis. The cross sectional views of SEM images of 
CdSe and Zn doped CdSe films are shown in Fig. 2. It showed 
closely arranged vertically aligned nanorod bundles. In the case 
of CdSe, the nanorod bundles look grainy and are not smooth. 
On the other hand, in the case of Zn doped CdSe, the nanorod 
bundles are smooth. In both cases, the average length of the 
nanorod bundles is around 500 nm and is not changed with Zn 
doping. However, the average diameter has been noticed to 
decrease from 200 to 160 nm with Zn doping. Upon comparing 
the two images, it is clear that the CdSe is relatively rich in 
voids, cracks and any other serious defects than Zn doped CdSe. 
This can be expected from the Se deficiency in CdSe as ob-
served from EDS analysis. However, upon Zn incorporation, 
these crystal defects such as voids, dislocations as a result of Se 
vacancy are tends vanish as can be seen from cross sectional 
images. These observations also reflect the tendency of micro-
structural parameters obtained from XRD analysis.
Optical transmittance & band gap. After discussing the struc-
ture and morphological studies, we analyze the optical pro-
perties that are fundamental for the performance of nanostruc-
tured solar cells. Transmittance studies were carried out in the 
wavelength range of 300 - 1000 nm to investigate the optical 
absorption properties of the CdSe and Zn doped CdSe vertical 
nanorod bundled films. The obtained results are plotted in Fig. 3. 
CdSe and CdSe:Zn nanorod bundles show a change in optical 
transmittance. These changes are attributed to the structural, 
compositional, crystallinity and morphological changes taking 
place when Zn is incorporated into CdSe lattice. The trans-
mittance of CdSe is decreased with doping of Zn compared to 
undoped CdSe, which correspond to the increasing of intrinsic 
defects (point defect, dislocation). Fundamental absorption edge 
is found to shift towards lower wavelength region (from 736 to 
675 nm) when Zn has been introduced into CdSe host. The cause 
of observed blue shift shall be due to the decrease of Cd concen-
tration and increase of Zn concentration in the films. This is 
because the bandgap of ZnSe is greater than that of CdSe. The 
absorption coefficients are calculated using the relation, 
α = d
T )/1log(303.2
,  where d is film thickness and T is trans-
mittance. The band gap value has been obtained by the plot 
between (αhν)2 and photon energy (hν) as shown in the inset of 
Fig. 3. The plot between (αhν)2 and hν is found to have straight 
line over any part of the optical absorption spectrum, thus 
supporting the interpretation of direct allowed transition.26 
Extrapolation of the linear portion of the curve to (αhν)2 = 0 
gives the optical band gap value for the films. It is observed 
that the direct band gap energy for the undoped CdSe is 1.94 
and it increases to 1.98 eV when Zn is doped into CdSe. 
Photoelectrochemical cell study. The fabricated photoelec-
trochemical cells based on CdSe (named as ACdSe) and CdSe:Zn 
(named as BCdSe:Zn) photoanodes were studied for its photoelec-
trochemical studies such as current-voltage under dark and illu-
mination. Photocurrent versus applied voltage (I-V) of ACdSe 
and BCdSe:Zn cells under dark and light illumination are shown 
in Fig. 4. It can be seen that under illumination, the magnitude 
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Table 1. Solar cell parameters of PECs based on CdSe and CdSe:Zn photoanodes
Cell Short circuit current density (mA/cm2)
Open circuit voltage 
Voc (V)
Fill factor (FF) Photoconversion eficiency η (%)
ACdSe 0.0385 0.3857 0.3128 0.16
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Figure 5. Impedance spectra of (a) ACdSe and (b) BCdSe:Zn cells under 
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Figure 6. Cyclic voltammograms of (a) ACdSe and (b) BCdSe:Zn cells 
under dark.
of current is found to increase (milli ampere range) and in the 
absence of light illumination it is insignificant (micro ampere 
range). The working principle of the present PEC cell can be 
explained as follows. Under illumination, electrons in the val-
ence band of CdSe or CdSe:Zn semiconducting photoanodes 
are excited into the conduction band due to the absorption of 
photons. These electrons will flow to the Pt cathode through the 
external circuit and offer short circuit current and open circuit 
voltage. Solar to electrical power conversion efficiency was 
then obtained by using the relation,
η = Output power/Input power 
= [Power/(Intensity of illumination × Area illuminated)]100%
100)/()( ××= rmm PVID  
Where, Im × Vm is the maximum multiplied value in the I-V 
sweep, Pr is the illumination power input (100 mW/m2) and A 
is the effective area of the cell. The solar cell parameters obtain-
ed for the as-grown CdSe and Zn doped CdSe photoanodes 
are given in Table 1. Upon Zn doping, the values of short circuit 
current (Jsc) and open circuit voltage (Voc) are found to increase 
to 0.0506 mA/cm2 and 0.3969 V, respectively. Consequently the 
efficiency is found to increase from 0.16 to 0.22 when Zn is 
doped. The reason for the observed increment in efficiency can 
be explained in two ways. The increment in efficiency upon Zn 
doping is due to the greater band bending that increase Voc and 
overall cell performance.29 In addition to this, the majority 
carrier diffusion length in Zn doped CdSe is greater than that 
in CdSe. Because, CdSe has relatively more voids and point 
defect than in CdSe:Zn and this shall decrease the recombination 
rate in CdSe:Zn than in CdSe nanorod bundled films.30,31
Impedance spectra. Electrochemical impedance spectroscopy 
(EIS) is a very powerful tool for the analysis of changes in 
interfacial capacitance or resistance occurring at conductive 
or semiconductive surfaces.32,33 In order to compare the interfa-
cial charge transfer between the anode and electrolyte interface, 
ac impedance spectra on Nyquist plane was recorded under 
dark over a frequency range of 0.01 Hz to 0.1 MHz at a voltage 
of 0.03 V. The obtained results on ACdSe and BCdSe:Zn cells are 
plotted in Nyquist plane as in Fig. 5. In general, impedance 
spectra can show three semicircles that in the order of increase 
of frequency are Nernst diffusion within the electrolyte, the 
charge transfer at the photoanode/polysulfide electrolyte inter-
face and charge transfer at the counter electrode/electrolyte 
interface. The resultant impedance spectra exhibits one large 
semicircle in the high and middle frequency range and another 
smaller overlapping semicircle in the low frequency range.  
The first large semicircle is the indication of redox reactions at 
the anode/electrolyte/cathode Pt interfaces. The second smaller 
semicircle is due to the Nernst diffusion through the electrolyte. 
Upon comparing the impedance spectra of ACdSe and BCdSe:Zn 
cells, it is clearly seen that ACdSe has larger semicircle than 
BCdSe:Zn. This shows the contact resistance between CdSe/poly-
sulfide is slightly greater than CdSe:Zn/polysulfide and hence 
it may suppress the reaction between the conduction band elec-
trons of CdSe with polysulfide redox electrolyte. This leads to 
the increase in photocurrent of BCdSe:Zn than in ACdSe cell. 
Cyclic voltammetry. Cyclic voltammetry is a potential tool 
to know the reduction-oxidation reactions taking place at the 
interface between the electrodes and electrolyte.34,35 It was 
obtained under dark for ACdSe and BCdSe:Zn by varying the voltage 
between ‒0.15 V to 0.5 V with a scan rate of 5 mVs‒1. It can be 
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seen that, there is no any noticeable redox faradic current for 
ACdSe. On the other hand, in the case of BCdSe:Zn, the voltammetric 
profile exhibited broad oxidation-reduction signals with nega-
tive current magnitude due to trivial dark current. These results 
indicate that there is a large resistance between CdSe/poly-
sulfide than CdSe:Zn/polysulfide interface. It results in the 
relatively good performance of BCdSe:Zn than ACdSe cell. 
Conclusion
Closely arranged CdSe and Zn doped CdSe vertical nanorod 
bundles were grown on FTO glass by using a electrodeposition 
method. XRD analysis has shown that the as-deposited films 
were hexagonal nature with good crystallinity and no detectable 
secondary phase corresponding to Zn related precipitates is 
observed upon Zn doping. FE-SEM investigation has shown 
closely arranged vertical nanorod bundles and it also indicated 
the Zn addition has improved the alignment of nanorod bundles. 
The band gap values have shown to increase from 1.94 to 1.98 
eV with Zn doping. The PEC cells based on CdSe and Zn doped 
CdSe photoanodes were fabricated and the results showed 
augmentation of efficiency from 0.16 to 0.22 upon Zn doping 
under similar circumstances. Electrochemical impedance and 
cyclic voltammogram measurements under dark showed de-
crease in contact resistance and consequently improvement in 
redox faradaic current when CdSe:Zn was used as photoanode.
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